Listeriolysin is a 60-kDa protein which allows the growth of Listeria monocytogenes in macrophages and other cells and has been shown to be a virulence factor in Listeria infections of adult mice. However, the neonate and fetoplacental unit are major populations susceptible to listeriosis. Recent data indicate that macrophage and T-cell functions are markedly inhibited in these young mice, and the virulence of listeriolysin-negative (HLY-) and listeriolysin-positive (HLY+) Listeria cells in the setting of such inhibited macrophage and T-cell functions has not previously been examined. We now compare CNL 85/162, a transposon-induced, HLY-Listeria strain, and CNL 85/163, a spontaneous HLY+ revertant. We found that all 18 neonates injected with CNL 85/163 (HLY+) died within 12 days after an injection of 104 Listeria cells per mouse. In contrast, all 16 neonates injected with 1,000 times more CNL 85/162 (HLY-) cells survived more than 14 days. Three days after injection, growth of CNL 85/163 (HLY+) in the internal organs was more than 5 log greater than that of CNL 85/162 (HLY-). We also found that CNL 85/162 (HLY-) did not proliferate well in decidual tissue, which is a major component of the placental region. Our studies indicate that HLY-bacteria are not virulent in the neonate and the fetoplacental unit despite the inhibited immune functions at these sites.
Although Listeria monocytogenes is an uncommon adult pathogen, it is the third most common cause of bacterial meningitis in neonates. Furthermore, prenatal Listeria infections cause abortion, stillbirth, and a devastating septic illness, granulomatosis infantisepticum (36) . There is a growing body of evidence that listeriosis may be caused by contaminated food (for example, see references 25 and 36) . However, the development of regulatory guidelines to prevent food-borne listeriosis is difficult because of outstanding questions concerning which strains of this common bacteria are virulent. In model systems using adult mice, production of listeriolysin is an important characteristic of virulent Listeria strains (13) . This 60-kDa protein allows the intracellular growth of Listeria cells in macrophages and other cells by lysing phagolysosomes (4, 12, 14, 30) . These observations suggest that the ability to produce this lysin will differentiate pathogenic from nonpathogenic Listeria strains.
However, the listeriolysin virulence studies mentioned above employed adult rather than perinatal mice. Previous studies from this laboratory demonstrated that macrophage functions are profoundly inhibited in the murine neonate and decidua basalis, where the fetal placenta is anchored in the maternal uterus (21, 23, 24, 32) . Macrophages are an important effector cell in the host defense against Listeria infection (17) , and these studies raise the possibility that in the setting of such inhibited macrophage functions, lysin-negative Listeria strains are pathogenic. This is an important question because the neonate and fetoplacental unit are the human populations most susceptible to infection. Furthermore, additional virulence factors in listeriosis have recently been proposed (5, 10, 15, 19, 20, 26, 27) and may conceivably have greater importance than listeriolysin during the perinatal period. In this report, we compare the virulence of listeriol-ysin-positive (HLY+) and -negative (HLY-) bacteria in neonatal mice and in decidual tissue of the placental region.
The CNL 85/162 strain of L. monocytogenes has a single copy of the conjugative transposon Tn1545 inserted into the open reading frame of the listeriolysin gene and therefore does not produce active listeriolysin (HLY-) (6, 13) . The Tn1S45 transposon contains kanamycin, tetracycline, and erythromycin resistance genes. CNL 85/163 is a spontaneous revertant which has lost the transposon and does produce listeriolysin (HLY+). Only the latter HLY+ listeria cells are virulent in adult mice (13) . Both strains were originally derived by Gaillard and associates (13) and were the gift of Kirk Ziegler, Emory University, Atlanta, Ga. The bacteria were stored frozen in 20% glycerol in phosphate-buffered saline at -70°C. Aliquots of bacteria were thawed, diluted to an appropriate concentration with sterile phosphate-buffered saline, and plated on Trypticase soy agar with 5% sheep blood plates (BBL Microbiology Systems, Cockeysville, Md.) to confirm the number of viable bacteria as well as differentiate HLY+ and HLY-colonies.
The experiments for Figures 1 and 2 were designed to determine whether HLY-Listeria cells were virulent in the neonate. CNL 85/162 (HLY-) or CNL 85/163 (HLY+) cells were inoculated into the peritoneal cavities of 4-day-old neonates. The neonates were the progeny of B10.A SgSn females and BALB/c By males from Jackson Laboratories, Bar Harbor, Maine. Although the dose of HLY-Listeria cells exceeded that of the HLY+ strain by 1,000-fold, Fig. 1 shows that the HLY-strain was not virulent throughout the 14-day period of observation. In contrast, all neonates inoculated with HLY+ Listeria cells died.
Three days after the above-described inoculation of HLY+ or HLY-Listeria cells, four neonates from each group were sacrificed. The heart, lung, liver, and spleen from each neonate were homogenized together in 0.005% Triton X-100 in phosphate-buffered saline and then plated on Trypticase soy agar-blood plates. Colonies of HLY+ cells were distinguished from HLY-bacteria by the presence of hemolysis around colonies of the former. Figure 2 shows that neonates injected with HLY+ Listeria cells had 4 orders of magnitude more bacteria than neonates injected with HLY-Listeria cells, even though the HLY-inocula were 1,000 times larger than the HLY+ inocula.
Listeria infection is particularly devastating in the placental region, where macrophage and T-cell functions are profoundly inhibited (31, 32) . We have previously reported that such inhibition results in the unrestrained infection of this region. Listeria cells initially enter and proliferate in the decidua basalis underlying the placental disc (32) . This is the most profoundly infected site of the placental region. Maternal decidual stromal cells are a major constituent of this region (33) , and we have demonstrated that these cells and their associated extracellular matrix are responsible for inhibiting macrophage functions both in vivo and in vitro (32, 34, 35) . Our next experiments were designed to determine whether HLY-Listeria cells were virulent in decidual tissue.
As discussed below, we employed the deciduoma-ofpseudopregnancy model because of its similarities to the decidua basalis of true pregnancy and because it allowed us to inject defined numbers of HLY+ and HLY-Listeria cells directly into the uterus, a maneuver which was technically not possible in true pregnancy. L. monocytogenes injected into the uterine horns of mice made pseudopregnant by hormone treatment causes the formation of deciduomas (35) . Such deciduomas are similar to the decidua basalis of true pregnancy in that maternal decidual cells are a major component (1, 2 sponses are inhibited in the deciduoma of pseudopregnancy in a manner exactly analogous to that of the decidua basalis of true pregnancy (35) .
Deciduomas were induced by methods previously published by our laboratory (35) . Briefly, 1 week before inducing deciduoma, female B10.A x BALB/c mice 2 months old, were primed with CNL 85/163 (HLY+) by injection of 104 bacteria into the lateral tail veins. One week later, the animals were anesthetized with tribromoethanol (Avertin) and bilateral oophorectomies were performed. Six days after the oophorectomies, subcutaneous hormone injections were begun. Each animal received 0.1 mg of estrogen daily for 3 days, rested for 2 days without hormone injections, and then was injected with a mixture of estrogen (10 ng) and progesterone (1 mg) for daily 3 more days. Six hours following the third estrogen-progesterone injection, the animals were anesthetized and each uterine horn was injected with 100 ,ul of the appropriate Listeria strain. The mice continued to receive progesterone injections for the next 3 days. The morning following the last injection, the mice were sacrificed and the tissues were analyzed for Listeria infection as described above.
For Fig. 3 , the left uterine horns of pseudopregnant mice were injected with HLY+ Listeria cells and the right uterine horns of the same mice were injected with 100 times more HLY-Listeria cells. After 3 days, Listeria growth in the individual uterine horns and spleens was determined. HLY+ and HLY-Listeria cells were distinguished by the presence or absence of hemolysis on Trypticase soy agar-blood plates. Note that there was a spread of HLY+ Listeria cells from the initial site of injection in the left uterine horn to the spleen and right uterine horn. There was no detectable growth of HLY-Listeria cells.
For Fig. 4 , pseudopregnant mice were injected in both uterine horns with the same Listeria strain. One group of mice received HLY+ Listeria cells; the other received B) HLY- HLY-Listeria cells. As a precaution, the latter mice also received kanamycin sulfate to prevent growth of spontaneous revertants which had lost the transposon and its antibiotic resistance gene (3) . In contrast to the Fig. 3 experiment, each individual mouse received only one Listeria strain. There were 100 to 1,000 times more Listeria cells in the spleens and uteri of mice receiving intrauterine HLY+ bacteria (Fig. 4A ) than in those of mice receiving HLYbacteria (Fig. 4B) , even though the latter mice received 100 times more Listeria cells. Thus, there was 1,000-fold growth of the HLY+ Listeria cells from the 1,000 bacteria initially injected into the uteri. We have previously performed detailed immunohistochemical studies of HLY+ Listeria growth in decidual tissues (32, 35) . Listeria cells were found in both extra-and intracellular sites. At early stages of infection, inflammatory cells were not present and any intracellular bacteria were in decidual cells. In contrast, the number of HLY-Listeria cells in the uteri decreased to 1/100 of the initial 10,000 bacteria injected. Altogether, the data in Fig. 3 and 4 indicate that HLY-Listeria cells were not virulent even when injected directly into decidual tissue, a site at which macrophage functions are profoundly inhibited.
In conclusion, macrophages play a major role in the host defense against Listeria infection. Recent data from our laboratory indicate that macrophage functions are inhibited in the murine neonate and placental region by two entirely different mechanisms. In the neonate, in contrast to the adult, concentrations of a-fetoprotein (8) and nonesterified docosahexaenoic acid (9) in serum are high. These molecules inhibit the ability of macrophages to be activated by gamma interferon (7, 11, 22) and thus inhibit an important step in the macrophage response against L. monocytogenes (17) . Despite these inhibitors, we now find that listeriolysin is still required for virulence in neonatal infections.
Listeriolysin is also required in the placental region, where macrophage functions are inhibited by a different mechanism. The decidua basalis is where the placenta is anchored in the maternal uterus. Infection at this site is a complex event because it involves not only the pathogen and the host defenses but also the maternal-fetal immunologic relationship. The latter may be considered an allograft-host relationship because of the paternal antigens of the fetus and placenta (see reviews in references 16 and 18) . Macrophage functions are profoundly inhibited in the decidua basalis, perhaps to prevent maternal antifetal immunologic responses. We have previously shown that solid-phase molecules embedded in these decidual tissues inhibit macrophage functions (31, 32, 34, 35) . Similar decidual tissue is present in the deciduoma of pseudopregnancy.
We now report that despite the profoundly inhibited macrophage functions in the decidua and the neonate, listeriolysin is still required for virulence. One explanation of this is that listeriolysin is required for virulence because it allows the bacteria to survive within macrophages and other cells (4, 12, 14, 30) . Since listeriolysin functions best at pH 5, which is found within phagolysosomes, but minimally at pH 7, which is found in the extracellular environment, it is unlikely to contribute to bacterial growth outside of cells.
Listeriosis may be transmitted by contaminated food (25, 36) . The development of regulatory guidelines to prevent such infections will require identification of virulence factors which differentiate pathogenic from nonpathogenic strains of this common bacterium. To our knowledge, this report is the first to demonstrate that production of listeriolysin is a virulence factor in infection of the most susceptible popula-tions, the neonate and decidual tissue of the fetoplacental unit.
